to their role to enable myocardial tissue perfusion-regulate cardiomyocyte growth and function. 4, 5 In this regard, inhibition of myocardial angiogenesis during ventricular pressure overload because of experimental transverse aortic constriction (TAC) reduced, while increased angiogenesis promoted cardiac hypertrophy. [6] [7] [8] [9] Endothelial cells are thought to induce cardiomyocyte growth through the release of paracrine factors, although the identity of these factors remains largely unknown. 4, 5 Here, we describe that the secreted glycoprotein CTRP9 (C1q-tumor necrosis factor-related protein-9), which is abundantly produced in the heart, 10 is mainly expressed in cardiac endothelial cells. CTRP9 belongs to the recently discovered family of CTRPs, which are paralogs of adiponectin. 11, 12 Besides adiponectin, 15 additional family members have so far been identified (CTRP1-15). Among this protein family, CTRP9 exerts by far the highest expression in the heart and can also be found in serum and adipose tissue. 10, 12, 13 Interestingly, CTRP9 abundance in serum was reported to be reduced in mice with diabetes mellitus and after cardiac ischemia/reperfusion injury. 14, 15 CTRP9-deficient animals develop obesity and insulin resistance at older age, indicating a systemic role for the protein, but they are indistinguishable from wild-type (WT) littermates in the first 3 to 4 months of life. 16 With regard to its local function in the heart, CTRP9 was to date reported as cell survival molecule, preventing cardiomyocyte death during ischemia/reperfusion injury and in remodeling after experimental myocardial infarction through binding of the adiponectin receptor 1 (AdipoR1), activation of the AMP-dependent kinase (AMPK), and the protein kinase A (PKA). 14, 17, 18 We demonstrate here a maladaptive role for CTRP9 during cardiac pressure overload, where CTRP9 becomes upregulated in the heart and serum and drives cardiac hypertrophy by a previously unrecognized ERK5 (extracellular signal-regulated kinase 5)-GATA4 signaling axis.
Methods
An expanded Method section is provided in the Online Data Supplement.
Experimental Animals
C1qtnf9 (encoding for CTRP9) gene-deleted mice were obtained from the Davis campus of the University of California and were created under the National Institute of Health Knock-Out Mouse Program (project number VG12588). Constriction of the transverse aortic arch (TAC) was performed in 8-to 10-week-old gene-deleted or WT mice around a 25-gauge needle, as previously described. 19, 20 For the mice after adeno-associated virus serotype 9 (AAV9) injection, TAC was conducted using a 26-gauge needle. All procedures involving the use and care of animals were performed according to the Guide for the Care and Use of Laboratory Animals published by the National Research Council (NIH Publication No. 85-23, revised 1996) and the German animal protection code. Approval was granted by the local state authorities (33.14-42502-04-11/0608), and institutional guidelines were followed.
Human Heart Samples
Analysis of human heart tissue was permitted by the Massachusetts General Hospital Institutional Review Board (United States) and by the Ethical Committee of the Hannover Medical School, Germany (Az. Z 14.06-A 1871-30724/98). 21 
Generation and Administration of AAV9 Vectors
The entire coding region of the CTRP9 cDNA was subcloned into the pdsCMV-MLC260-EGFP vector downstream of a CMV (cytomegalovirus)-enhanced 260-bp myosin light chain promoter (MLC260). The resulting plasmid was used to produce AAV9-CTRP9 vectors as previously described. 22 AAV9 vectors that express renilla luciferase downstream of the MLC260 promoter were generated and used as control (AAV9-control).
Echocardiography
Echocardiography was performed with a linear 30 MHz transducer (Vevo770; Visualsonics, Toronto, Canada).
Quantification of CTRP9 in Serum
The CTRP9 concentration was determined by the human CTRP9 ELISA (enzyme-linked immunosorbent assay; Biovendor, Heidelberg, Germany) according to manufacturer's instructions in the serum of male healthy blood donors or male patients experiencing severe aortic stenosis before aortic valve replacement was conducted (the patient characteristics are shown in Online Table I ). This study was approved by the Ethical Committee of the Hannover Medical School, Germany. All individuals and patients gave written informed consent.
Cell Culture and Isolation of Cardiac Cells
Adult ventricular cardiomyocytes were prepared from adult SpragueDawley rats or mice as previously described using a Langendorff system. 23, 24 Cell size was determined by planimetry. The luciferase activity from adult cardiomyocytes was measured as previously described and normalized to total protein content. 25, 26 C166 mouse embryonic yolk sac or mouse heart endothelial cells in cell culture plate inserts (Millipore Millicell) with 0.4-μm-sized pores on top of rat adult cardiomyocytes plated in regular cell culture plates were used as 2-chambered system for endothelial/cardiomyocyte coculture.
Cardiac endothelial cells and fibroblasts were isolated from hearts of adult mice using CD146 microbeads and feeder removal microbeads with MACS (magnetic cell separation) technology from Miltenyi Biotec. The isolated cells were directly used for RNA extraction.
In Vitro Kinase Assay
A GST (glutathione S-transferase)-GATA4 fusion construct containing the amino acids 2 to 207 or GST alone was incubated in the absence or presence of recombinant ERK5.
Statistical Analysis
All values are presented as means±SEM. The unpaired, 2-tailed t test was used for comparisons between 2 groups. Differences between >3 groups were analyzed by 1-way analysis of variance followed by Sidak multiple comparisons test. A 2-tailed P value of <0.05 was considered significant. All statistics were calculated with the Graph Pad Prism 6 software.
Results

CTRP9 Is Upregulated in Hypertrophic Heart Disease
We first investigated CTRP9 abundance in mouse and human hypertrophic heart disease. Quantitative real-time polymerase chain reaction (PCR) revealed a 3-fold upregulation of CTRP9 mRNA in mouse hearts 2 weeks after the induction of pressure overload by TAC ( Figure 1A) . Interestingly, CTRP9 mRNA was induced more than 20-fold in human myocardial samples from individuals with proven cardiac hypertrophy, but without signs of heart failure, while myocardial CTRP9 mRNA levels were not significantly elevated in patients with terminal cardiac failure compared with healthy hearts ( Figure 1B ). Immunoblotting from mouse heart tissue showed increased CTRP9 protein abundance after 2 weeks of TAC, but unchanged or even slightly reduced CTRP9 protein levels 6 and 12 weeks after TAC compared with sham ( Figure 1C ). An investigation of serum CTRP9 levels revealed increased CTRP9 concentrations in patients with cardiac hypertrophy because of aortic valve stenosis in comparison to healthy blood donors ( Figure 1D ; Online Table I ).
To assess the cellular source of CTRP9 within the heart, we visualized β-galactosidase activity in the myocardium of heterozygous C1qtnf9 gene-deleted mice (CTRP9 heterozygous) that possess a lacZ expression cassette within the C1qtnf9 gene locus. As shown in Figure 1E and 1F, β-galactosidase activity or expression was found mainly in isolectin B4-positive endothelial cells, although another noncardiomyocyte cell type showed some level of expression, as evident from the presence of scattered β-galactosidase positive, but isolectin B4-negative cells ( Figure  1F ). Immunofluorescence staining for CTRP9 in conjunction with isolectin B4 labeling of cardiac tissue revealed large areas of colocalization between both ( Figure 1G ). Homozygous Figure 1 . CTRP9 (C1q-tumor necrosis factor-related protein-9) is upregulated in the heart and serum during cardiac hypertrophy and is mainly expressed in cardiac endothelial cells. A, Cardiac CTRP9 mRNA (normalized to GAPDH mRNA) measured by quantitative real-time polymerase chain reaction (qPCR) in mouse hearts 2 weeks after sham surgery or transverse aortic constriction (TAC). B, qPCR for CTRP9 mRNA (normalized to GAPDH mRNA) from myocardium of healthy (Con), hypertrophic (Hyp), or failing (Fail) human hearts. C, Immunoblot for CTRP9 from mouse hearts after sham surgery or 2, 6, 12 wk after TAC. (−) denotes negative control from a CTRP9 knock-out (KO) heart. (+) denotes positive control from adenoviral CTRP9 overexpression. GAPDH was the loading control. The quantification of the blot is shown below. D, CTRP9 abundance in serum of healthy individuals (Con) and patients with cardiac hypertrophy because of aortic stenosis (Hyp). E, LacZ staining in the heart of a heterozygous CTRP9 KO mouse. Scale bar: 30 µm. F, Cardiac immunofluorescence staining with the indicated reagents. Isolectin B4 marks endothelial cells. Scale bar: 30 µm. G, Cardiac immunofluorescence staining for CTRP9 and endothelial cells (with isolectin B4) in wild-type (WT) or homozygous CTRP9 KO mice as indicated. Scale bar: 50 µm. H, qPCR to quantify CTRP9 mRNA (normalized to GAPDH mRNA) from endothelial cells (ECs), cardiomyocytes (CMs), and fibroblasts (Fibs) isolated from mouse hearts 1 week after sham (Sh) or TAC (T) surgery. I, Absolute quantification of CTRP9 mRNA expression in mouse heart vs subcutaneous fat tissue. J, Immunoblot for CTRP9 from supernatant of cultured primary mouse cardiac endothelial cells from WT or KO mice. The CTRP9-specific band runs around 37 kDa but is lacking in KO mice. All lanes were run on the same gel but were noncontiguous where indicated by the grey line. The number within bars indicates the number of individuals or mice analyzed. *P<0.05, **P<0.01, ****P<0.0001.
C1qtnf9 gene-deleted (CTRP9 knock-out, KO) mice did not display specific immunostaining for CTRP9, indicating the specificity of the antibody used ( Figure 1G ). Verification of the predominant endothelial origin of CTRP9 came from a quantitative real-time PCR analysis of endothelial cells, cardiomyocytes, and fibroblasts that were isolated from mouse hearts 1 week after sham or TAC surgery. By this approach, primary cardiac endothelial cells showed several fold higher levels of CTRP9 mRNA compared with cardiomyocytes or fibroblasts, both after sham or TAC surgery ( Figure 1H) . Surprisingly, we found a slight, but significant, downregulation of CTRP9 mRNA after TAC in endothelial cells, while no significant regulation by TAC was found in the other cell types. The relative purity of the obtained cell preparations was verified by quantitative real-time PCR, which demonstrated strongly elevated expression of the endothelial cell marker Cd31 in endothelial cells, αMHC (alpha myosin heavy chain) in cardiomyocytes, and collagen-1 (Col1a) in fibroblasts versus the other cell types (Online Figure I) . Although CTRP9 was originally described as derived mainly from adipose tissue, we found a 2-to 3-fold higher abundance of CTRP9 mRNA molecules in the heart compared with subcutaneous fat tissue ( Figure 1I ). We also demonstrate that CTRP9 is secreted into the supernatant from primary WT cardiac endothelial cells but is not found from the respective KO cells ( Figure 1J ). Thus, CTRP9 is mainly derived from endothelial cells in the myocardium, and its abundance is increased in human and murine hypertrophic hearts.
CTRP9 Is Necessary for the Development of Cardiac Hypertrophy and Dysfunction After TAC
Next, we assessed the functional consequence of increased CTRP9 levels during TAC using CTRP9 heterozygous or KO mice, which exerted ≈50% reduced or completely ablated cardiac CTRP9 protein and mRNA levels compared with WT mice, respectively ( Figure 2A ). While the hearts were not different between KO and WT after sham surgery, heterozygous and even more clearly KO mice showed less cardiac hypertrophy (ie, a reduced heart weight/body weight ratio), less pulmonary congestion (ie, reduced lung weight/body weight), a better systolic heart function (ejection fraction), and reduced cardiac dilation (left ventricular end-diastolic area) compared with WT mice after TAC (Figure 2B through 2E) . The body weight was not significantly different between WT, heterozygous, or KO mice after TAC or sham surgery (Online Figure IIA) . No difference in blood pressure was noted between WT and KO mice (Online Figure IIB) . A reduced size of cardiomyocytes was found in histological heart sections of KO versus WT mice after TAC ( Figure 2F and 2G) . The expression of the hypertrophic marker genes ANP (atrial natriuretic peptide) and BNP (brain natriuretic peptide) was strongly induced after TAC in WT mice, but this response was significantly blunted in KO mice ( Figure 2H and 2I). In addition, myocardial fibrosis was reduced after TAC in KO compared with WT mice, and this was accompanied by reduced cardiac expression of Col1a (collagen-1) mRNA ( Figure  2J and 2K). The capillary/cardiomyocyte ratio as indicator of angiogenesis was increased after TAC, but no differences between WT and KO mice were noted (Online Figure IIC) .
CTRP9 Overexpression Aggravates Cardiac Dysfunction After TAC
Because ablation of CTRP9 protected from maladaptive remodeling during TAC, we wanted to analyze the effects of cardiac CTRP9 overexpression. We injected mice intravenously with a CTRP9 encoding AAV9 vector (AAV-CTRP9), which led to robust overexpression of CTRP9 in the heart ( Figure 3A) . Although overexpression of CTRP9 had no effect after sham operation, it led to aggravated cardiac dysfunction, hypertrophic remodeling with increased ventricular wall thickness and increased ventricular dilation compared with AAV-control-treated mice 8 weeks after TAC ( Figure 3B  through 3D ). This was accompanied by increased cardiomyocyte size and enhanced fibrosis after TAC in AAV-CTRP9-treated mice ( Figure 3E and 3F ). Despite these changes, overall heart/weight body weight ratio was not different after TAC between AAV-control and AAV-CTRP9-treated mice (Online Figure IIIA) . The ratio of capillaries/cardiomyocytes was significantly increased by TAC in AAV-control-treated mice versus sham, and AAV9-CTRP9 treatment produced an even higher capillary/cardiomyocyte ratio in mice after TAC (Online Figure IIIB) . We also identified increased CTRP9 levels in the serum of mice treated with AAV-CTRP9, indicating that the CTRP9 expressed from this vector is indeed secreted (Online Figure IIIC) .
Paracrine and Autocrine CTRP9 Increases Cardiomyocyte Size
Because we found CTRP9 to be expressed mainly in cardiac endothelial cells, we tested in an in vitro coculture system whether endothelial CTRP9 could induce hypertrophy in cardiomyocytes in a paracrine manner. We used a 2-chamber culture system, in which adult rat cardiomyocytes were cultured in the bottom chamber, and C166 mouse endothelial cells transduced either with control adenovirus (Ad.Control) or CTRP9 overexpressing adenovirus (Ad.CTRP9) in the top chamber. Fluids and soluble proteins could freely path between both chambers ( Figure 4A ). Adult cardiomyocytes that were cocultured with CTRP9 overexpressing endothelial cells were larger compared with cardiomyocytes cocultured with endothelial cells without CTRP9 overexpression ( Figure 4B and 4C). Phenylephrine had no significant effect on cardiomyocyte hypertrophy in this system. In contrast, coincubation with a CTRP9 neutralizing antibody (but not control IgG) inhibited the prohypertrophic action of endothelial CTRP9 overexpression on cardiomyocytes, indicating that secreted CTRP9 is responsible for hypertrophy induction ( Figure 4B and 4C). Cardiomyocytes did not change in size when no C166 endothelial cells were cocultured in this system (first bar in Figure 4C ). Because cardiomyocytes also express CTRP9 mRNA, albeit at a much lower level (see above), we tested whether CTRP9 overexpression from cardiomyocytes could trigger hypertrophy in an autocrine manner. Direct infection of adult rat cardiomyocytes with Ad.CTRP9 (immunoblot in Online Figure IIIE ) also induced enhanced cardiomyocyte growth compared with Ad.Control-transduced cells, and this effect was almost completely ablated by the addition of the CTRP9 neutralizing antibody (but not control IgG), suggesting that CTRP9 can trigger cardiomyocyte hypertrophy in an autocrine manner ( Figure 4D ). To analyze the effects of endogenous (ie, not overexpressed) endothelial CTRP9, we Figure 4 . CTRP9 (C1q-tumor necrosis factor-related protein-9) induces hypertrophy in cultured cardiomyocytes in a paracrine and autocrine manner. A, Schematic representation of the experimental setup for the C166 endothelial cell (EC)/cardiomyocyte (CM, in red) coculture experiment. ECs, which were infected with control (Ad.Con) or CTRP9 overexpressing adenovirus (Ad.CT9), were present in the upper chamber. Adult rat cardiomyocytes were present at the bottom of the lower chamber. The media (but no cells) could freely circulate between both chambers. The media contained phenylephrine (PE), CTRP9 binding antibody (AB), or control IgG as indicated for the panels below. B, Representative microscopic pictures (in phase contrast) of cardiomyocytes in the lower chamber that were cocultured with C166 endothelial cells in the upper chamber treated as indicated and as described in A. Scale bar: 50 µm. C, Quantification of the cell area of cardiomyocytes with (or without) coculture with C166 ECs that were treated as indicated and as described in A. D, Quantification of the cell area of cultured rat adult cardiomyocytes that were directly infected with Ad.Con or Ad.CT9, stimulated with PE and treated with AB or control IgG as indicated. E, Schematic representation of the experimental setup for the coculture of primary mouse cardiac endothelial cells derived either from wild-type (WT) or CTRP9 knock-out (KO) mice and rat adult cardiomyocytes. The media contained PE. F, Representative pictures from cardiomyocytes and quantification of cardiomyocyte cell area under the indicated conditions from the experiment as described in E. G, ANP (atrial natriuretic peptide) and BNP (brain natriuretic peptide) mRNA expression (normalized to GAPDH mRNA expression) in cardiomyocytes from the experiment described in E. The numbers in the graphs indicate the number of cell culture dishes analyzed in at least 3 separate experiments. *P<0.05, **P<0.01, ****P<0.0001. cocultured cardiac endothelial cells derived from WT versus CTRP9 KO mice with rat cardiomyocytes in the presence of phenylephrine to simulate a prohypertrophic environment ( Figure 4E ). As shown in Figure 4F and 4G, cardiomyocytes cocultured with WT cardiac endothelial cells were larger and exerted increased ANP and BNP mRNA expression compared with those cocultured with CTRP9 KO endothelial cells. Together, these results indicate a prohypertrophic role of endothelial-derived paracrine CTRP9 on cardiomyocytes.
CTRP9 Induces Cardiomyocyte Hypertrophy and Cardiac Dysfunction Through the Activation of ERK5
We analyzed the activation of multiple different hypertrophyrelated signaling pathways in WT and KO hearts 2 weeks after sham or TAC surgery. As demonstrated in Figure 5A (with quantification in Figures 5B and 5C ), the MAP kinase ERK5 and also its phosphorylated (activated) form were strongly upregulated after TAC in WT mice, but this was not seen in the hearts of CTRP9 KO mice. Decreased ERK5 abundance after TAC in KO mice might be the consequence of decreased ERK5 activity, because we found that ERK5 mRNA expression in isolated adult rat cardiomyocytes was markedly suppressed by overexpression of a previously described dominant negative variant of MEK5 (Ad.MEK5KM), which acts as a potent suppressor of ERK5 activity (Online Figure IV) . Neither the activation nor the expression of ERK1/2, Akt/ Proteinkinase B, BAD, or the AMPK was changed in the hearts of KO versus WT hearts ( Figure 5A ; Online Figure VA through VD and VF). An unchanged level of cleaved caspase 3 argued against changes in myocardial cell death between both groups of mice after TAC (Online Figure VA and VE) . To more directly assess the impact of CTRP9 on ERK5, recombinant full-length CTRP9 was added to cultured rat adult cardiomyocytes. We detected enhanced activation of ERK5 10 and 20 minutes after stimulation with CTRP9 ( Figure 5D and 5E). ERK5 mRNA expression was not increased by CTRP9 overexpression in isolated cardiomyocytes (Online Figure IV) . To analyze whether the prohypertrophic effects of CTRP9 were dependent on the activation of ERK5, we overexpressed MEK5KM in rat adult cardiomyocytes to inhibit ERK5 activation. 27 Indeed, MEK5KM blocked the increase in cell size induced by CTRP9 ( Figure 5F ). As the next step, we wanted to test whether inhibition of ERK5 could also ameliorate the development of cardiomyopathy after CTRP9 overexpression during TAC in vivo. For this purpose, we treated mice with AAV-control or AAV-CTRP9 and induced pressure overload by TAC (CTRP9 overexpression is shown in Online Figure  IIID ). This treatment resulted in increased cardiac ERK5 phosphorylation (but not increased ERK5 protein abundance) in AAV-CTRP9-treated versus AAV-control-treated animals, and this effect was markedly reduced by the MEK5/ERK5 specific inhibitor BIX02189 ( Figure 5G and 5H) . Interestingly, BIX02189 did not inhibit cardiac ERK5 activation in AAVcontrol-treated mice, perhaps because the dose was not high enough to inhibit basal TAC-triggered ERK5 activation, although AAV-CTRP9-triggered overactivation of ERK5 could be effectively reduced. ERK1/2 activation was unaffected by CTRP9 or BIX02189 ( Figure 5G ; Online Figure VIA) , as was the rate of cardiac apoptosis (measured as caspase 3 cleavage, shown in Online Figure IIID) . The activation or expression of Akt, ERK1/2, BAD, cleaved caspase 3, AMPK, or p70S6K in the myocardium was also not significantly changed by AAV-CTRP9 after sham or TAC surgery, although a minor decrease in Akt phosphorylation and a nonsignificant increase in caspase 3 cleavage were observed because of CTRP9 overexpression after sham treatment (Online Figure VIB through VIH) . Importantly, CTRP9 overexpression led to reduced cardiac function and enhanced ventricular dilation after 2 weeks of TAC, but this was reversed to the levels of AAV-control mice by administration of BIX02189 ( Figure 5I ). Cardiomyocyte cell size, which was increased by CTRP9 overexpression, was also significantly reduced by BIX02189 treatment in AAV-CTRP9-treated mice, but no effect was seen in AAV-control mice ( Figure 5J ).
GATA4 Acts Downstream of CTRP9-ERK5 in Cardiomyocytes
To interrogate the downstream targets of ERK5 in response to activation by CTRP9 in cardiomyocytes, we assessed the activation of different transcription factors by luciferase reporter assay in rat adult cardiomyocytes. The known prohypertrophic ERK5 target MEF2 was activated by phenylephrine and fetal bovine serum in cardiomyocytes, and this effect was partially dependent on ERK5 because it could be reduced by MEK5KM, but MEF2 activity was reduced by CTRP9 overexpression (Online Figure VII) . The activation of GATA transcription factors was dramatically increased by prohypertrophic stimulation in adult cardiomyocytes, and this effect was significantly enhanced by CTRP9 overexpression during stimulation with phenylephrine and fetal bovine serum ( Figure 6A ). In turn, GATA activation was strongly inhibited by MEK5KM and by the chemical MEK5/ERK5 inhibitor BIX02189. Importantly, CTRP9 overexpression could no longer enhance GATA activation, when MEK5/ ERK5 was inhibited ( Figure 6A ). These data indicate that GATA activation occurs to a large extent through ERK5 in response to phenylephrine, fetal bovine serum, and CTRP9 in adult cardiomyocytes. Because the prohypertrophic transcription factor GATA4 can be activated through kinasedependent phosphorylation by ERK1/2 or p38 at its serine residue 105, 28, 29 which is also a possible target site of ERK5, we assessed GATA4 phosphorylation in nuclear cardiac protein lysates of WT and KO mice and found a marked reduction of GATA4 serine 105 phosphorylation in KO mice after TAC ( Figure 6B and 6C) . In turn, stimulation with recombinant full-length CTRP9 induced GATA4 phosphorylation at serine 105 in a time-dependent manner ( Figure 6D and 6E) . Overexpression of CTRP9 via AAV-CTRP9 during TAC stimulation also increased GATA4 phosphorylation in the heart in vivo ( Figure 6F and 6G) . Finally, coincubation of recombinant ERK5 with GATA4 in vitro resulted in direct phosphorylation of GATA4 ( Figure 6H ). Thus, although additional pathophysiological relevant targets of ERK5 are likely, we found CTRP9-ERK5-GATA4 as possible prohypertrophic pathway in cardiomyocytes, and we demonstrate that CTRP9 contributes to cardiac dysfunction during pressure overload at least in part through the activation of ERK5.
Discussion
We demonstrate in this study that CTRP9 is induced in the mouse myocardium during cardiac pressure overload, in human hearts with pathological hypertrophy and in serum of patients experiencing aortic stenosis. This is in contrast to ischemic cardiac injury and diabetes mellitus in mice, where CTRP9 abundance was reported to be reduced in serum and adipose tissue, as well as in the heart during high-fat diet. 10, 14, 15, 18 The distinct upregulation of CTRP9 in the myocardium suggested a specific function of this protein during pressure overload. Indeed, homozygous and heterozygous genetic ablation of CTRP9 led to a gene dosage-dependent reduction in pathological cardiac hypertrophy versus WT mice in response to TAC. On the cellular level, depletion of CTRP9 during pressure overload led to reduced cardiomyocyte size and reduced cardiac fibrosis. As observed in various other mutant mouse models, reduced cardiac growth and fibrosis during pressure overload was accompanied by improved left ventricular function in CTRP9 KO mice. 26, 30 In turn, AAV9 vector-mediated overexpression of CTRP9 in the heart induced hypertrophic cardiac remodeling and fibrosis, increased ventricular dilation, and reduced cardiac function after TAC, indicating that the elevated CTRP9 levels in mice and patients with hypertrophy might facilitate adverse cardiac remodeling. Our AAV9-based approach (in which CTRP9 expression is driven by the cytomegalovirus-enhanced myosin light chain promoter) will lead to expression of CTRP9 in the whole heart, mainly in cardiomyocytes and in the liver. 31 This is different from the physiological situation where CTRP9 in the heart is mainly derived from endothelial cells (discussed in detail below) and where no expression in the liver is observed. However, given the technical difficulty to target endothelial cells by an AAV9 approach and in the light of the following facts that (1) CTRP9 is also expressed in cardiomyocytes (although at a much lower level), (2) it can act in these cells in an autocrine manner, and (3) in general, for a secreted factor, its net functional effects rather than its source might be more important, our approach still reveals important information at least as proof of concept.
According to our data, CTRP9 is maladaptive during pressure overload, but previous data showed that it is adaptive during cardiac ischemic injury, when endogenous CTRP9 is downregulated. 10, 14, 15, 18 It was demonstrated in these studies that CTRP9 reduces infarct size (by inhibiting cell death) after ischemia/reperfusion injury and that it inhibits adverse remodeling after myocardial infarction. 14, 17, 18 Although the different disease models per se might play the biggest role to explain these diverse CTRP9 effects, it is possible that in particular pathologically increased endogenous CTRP9 levels (like we observe in mice early after TAC and in hypertrophic human heart disease) are harmful. One should also consider that the protective effects of CTRP9 administration on cardiac remodeling and survival after myocardial infarction were inferred from administration of recombinant globular CTRP9 (lacking large parts at the N-terminal domain), but endogenous full-length CTRP9 might be functionally different, for example, because of binding of different receptor or coreceptor proteins. 18 In addition, the prohypertrophic role of CTRP9 that we describe here is in principal not incompatible with its antiapoptotic function during cardiac ischemia because many survival factors (eg, neuregulin-1 or endothelin-1 1, 32, 33 ) also trigger cardiomyocyte growth, although we did not find evidence for a cell protective role of CTRP9 during pressure overload as indicated by unchanged cleaved caspase 3 levels (an apoptosis marker) after ablation or overexpression of CTRP9.
We detected CTRP9 expression mainly in endothelial cells of the heart, indicating that it might act on cardiomyocytes in a paracrine manner. Indeed, overexpression of CTRP9 in endothelial cells induced hypertrophy in cocultured adult cardiomyocytes, and this effect was blocked by a neutralizing antibody. More importantly, endogenous CTRP9 derived from cardiac endothelial cells promoted cardiomyocyte hypertrophy in our coculture system. Thus, paracrine CTRP9 from endothelial cells is at least partially responsible for the prohypertrophic role that has been ascribed to these cells during pressure overload. 4, 5 Interestingly, although a higher total abundance of CTRP9 mRNA and protein levels was noted in mouse hypertrophic hearts after TAC, we still detected a small, but significant, decrease in CTRP9 mRNA in cardiac endothelial cells under these circumstances. Because the number of total endothelial cells markedly increases early after TAC surgery by angiogenesis, endothelial cells might still contribute to the increased cardiac CTRP9 levels 2 weeks after surgery, although their continuous decrease thereafter could lead to the reduction of myocardial CTRP9 6 and 12 weeks after the induction of pressure overload. 9 Alternatively, or in addition, a currently unknown cardiac cell type might contribute to cardiac CTRP9 early during pressure overload. The exact clarification of the relative roles of CTRP9 derived from endothelial cells versus that from cardiomyocytes for the development of cardiac hypertrophy will require an endothelial-specific KO mouse.
Which signaling pathways are activated in cardiomyocytes by CTRP9 to induce cardiac hypertrophy? During ischemic injury and proinflammatory stimulation, CTRP9 promotes activation of AMPK and PKA, and both molecules contribute to the protective role of CTRP9 under these circumstances. 14, 17, 18 During pressure overload, in contrast, we did not find evidence for differential activation of cardiac AMPK or PKA (measured as BAD Ser155 phosphorylation) in response to deletion or overexpression of CTRP9. Instead, we observed enhanced activation of ERK5 during stimulation of isolated cardiomyocytes with recombinant CTRP9 and cardiac AAV-CTRP9 treatment, while in CTRP9 KO mice the induction of ERK5 protein levels in response to pressure overload was markedly blunted compared with what is seen in WT mice. The reduced ERK5 expression in CTRP9 KO mice during TAC might be secondary to reduced ERK5 activity because we found that inhibition of ERK5 kinase leads to reduced ERK5 mRNA expression in cardiomyocytes. Cardiomyocyte ERK5 is a known inducer of cardiac hypertrophy and cardiac dysfunction when overactivated in the heart of MEK5 transgenic mice, and it also has been deemed necessary for pressure overload-induced hypertrophy and fibrosis in cardiomyocytespecific ERK5 KO mice, which exerted less cardiomyocyte hypertrophy and interstitial fibrosis after TAC, similar to what we observed in CTRP9 KO mice. 27, 34 As evidence for the contribution of ERK5 in transducing CTRP9-dependent prohypertrophic and disease triggering signals within cardiomyocytes, inhibition of ERK5 blunted CTRP9 induced hypertrophy in isolated adult cardiomyocytes and improved cardiac dysfunction, hypertrophic remodeling, and cardiac dilatation during CTRP9 overexpression after TAC in mice. In contrast to the CTRP9 KO mice, cardiomyocyte-specific ERK5 KO mice developed cardiomyocyte cell death and cardiac dysfunction after TAC despite decreased cardiomyocyte hypertrophy and decreased fibrosis. These differences could be the consequence of partial ERK5 inhibition in our model versus virtually complete cardiomyocyte-specific ERK5 deletion in the other. In this regard, some ERK5 might be needed for the prevention of cell death, although its overactivation promotes disease during cardiac pressure overload. More work will be needed in the future to define in more detail the exact signaling mechanisms of CTRP9-triggered cardiac dysfunction during pressure overload.
Furthermore, we identified GATA4 as a downstream target of ERK5, which directly phosphorylates the transcription factor in response to CTRP9 stimulation. Phosphorylation at serine 105 is known to activate GATA4, to promote cardiomyocyte hypertrophy, and to maintain heart function. 28, 29, 35 Because enhanced GATA4 activation could therefore account for increased hypertrophy during CTRP9-ERK5 signaling, but likely not for cardiac dysfunction, additional downstream targets of the CTRP9-ERK5 circuit will probably contribute and will need to be identified. Moreover, future studies should clarify how CTRP9 can trigger the activation of different signaling pathways in response to distinct disease stimuli and thereby induce either antiapoptotic or growth-promoting effects. Because this is likely the consequence of differential receptor activation, a genuine CTRP9 receptor or coreceptor protein, in addition to the AdipoR1, which is bound and activated by CTRP9 during ischemia, 17 will likely exist and will have to be identified. In fact, because the AdipoR1 and AdipoR2 both belong to the 11-member family of PAQR (progestin and adipoQ receptors) proteins, one could speculate that other PAQR members might function as CTRP9 receptors. 36, 37 The identification of a CTRP9 receptor protein in the future is especially important because this and other studies show clear functional divergence and nonredundant function between adiponectin and CTRP9. 16 
